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INI'ROUUCTIOM 

jThe  use  of  radiation  dcgradinn  and  cross-1  Inkln;;  polymers  as  electron- 
bear.  and  x-ray^  resists  h.'.s  led  to  renewed  interest  in  the  radiation  chemis- 
try of  polvTiers.  Addillon.il  interest  is  found  in  textile  and  other  indus- 
tries,3 where  pol\Tiers  that  radiation  degrade  or  graft  have  potential  in  pro- 
totype radiation  processing  of  products. 

In  this  paper,  we  present  evidence  of  radiation  degradation  for  polv 
(methyl  methacrylate)  (P.‘!M.\)  , poly  (nethacry  1 onl  t r 1 le)  (P.MC.N) , and  polyfmethyl 
alpha-chloroacrylate) (PMCA)  as  determined  by  molecular  weight  decreases  ob- 
served by  gel  permeation  chromatography  (GPC).  GPC  chromatograms  of  yftra- 
dlated  po]  y(methacry  1 ic  anhydride)  (PM/VA.S')  and  poly(acrylic  anhydride)  (PAAM) 
were  also  obtained  and  analyzed  as  model  polymers.  Intrinsic  viscosities 
were  determined  for  each  irradiated  anhydride  sample. 

experime:ntal 

Polymer  samples  were  synthesized  by  methods  outlined  by  Sorenson.^  Sam- 
ples were  irradiated  in  5-mra  OD  pyrex  tubes  evacuated  to  < 10“^  micron.  Ir- 
radiations  were  carried  out  with  a “Co  gamma-ray  source  employing  dose  rates 
of  0.01-0.8  Hrad/hr. 

GPC  n.easurements  were  made  with  a Wateis  Model  201  GPC  chromatograph 
equipped  with  micro-styrogel  columns;  chloroform  and  DMF  were  employed  as 
mobile  phases.  Flectron  paramagnetic  resonance  (EPR)  measurements  were  made 
with  a Varlan  Model  4500  spectrometer  at  77°K.  Intrinsic  viscosities  were 
measured  with  a dilution  Ubbelohde  viscometer  for  DME"  anhydride  solutions. 

RESULTS 

GPC  chromatograms  for  irradiated  PMMA,  PMC.N,  and  PMCA  shift  to  longer 
elution  times  with  increasing  dose.  Increasing  values  (i.e.,  decreasing 

Mjj)  are  listed  for  these  iriadiated  polymers  in  Table  I.  Absolute  molecular 
weights  are  calculated  by  the  <)-factor  method,  where  Q Is  obtained  for  the 
unirradiated  polymers  bv  membrane  osmometry.  Relative  molecular  size  changes 
were  obtained  via  polystyrene  standard  molecular  weight  calibration  under 
equivalent  conditions. 

In  contrast  to  the  methacrylate  polymers  above,  CPC  chromatograms  of  ir- 
tadiated  PAAN  shift  to  slightly  longer  elution  times  only  for  the  range  of 
doses  below  one  Mrad,  then  move  t..  shorter  elution  times  with  increasing  sam- 
ple dose.  Chromatograms  of  PI-LXAN  samples  undergo  similar  changes  for  doses 
^2.5  Mrad,  but  remain  unchanged  at  doses  > 7 Mrad.  Decreases  in  intrinsic 
viscosities  for  dissolved  aliquots  of  the  same  irradiated  PMAAN  samples  de- 
crease until  about  7 Mrad.  Consistent  with  the  CPC  data,  the  intrinsic  vis- 
cosities for  the  irradiated  PAA.N  samples  decrease  until  1-2  Mrad,  then  con- 
tinually Incte.ise  to  48  Mrad,  the  highest  dose  studied.  A tabulation  of  the 
essential  data  are  found  in  Tables  II  and  III. 

From  the  slope  of  a plot  of  M^^  versus  dose  in  Mrad,  rates  of  radiation 
events  per  unit  dose  may  be  obtained.  C(number  of  scissions/lOO  eV),  C(s), 
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C(niinibcr  of  cross-Hiiks/ 100  oV)  G(x),  oi  | r,(s)-r,(x;  j.  values  may  be  ob- 
tained.^’*’ In  defitadlny  pol'-Tner  cases  where  C(x)  1.;  established  to  be  zero 
(e.g.,  l’MM/\),  G(s)  is  obtained.  Observation  of  C(x)-0  for  degrading  polymers 
Is  quite  rare,  thus  the  latter  quantity  is  usually  obtained  'and  reported. 
[c(s)-C,(x)]  values  quantitatively  characterize  the  polv-mer  on  the  basis  of 
the  dominating  process,  but  say  little  of  the  absolute  magnitudes  ot  the  G 
values  Involved.  Tables  I and  II  contain  j^G(s)-G(x)j  values  obtained  In  this 
work. 


The  EPR  spectrum  of  y- Irradiated  PMCA  at  77*’K  is  an  anlsotroplcal  ly 
broadened  triplet^  with  hvpertine  splitting  of  a**=22*l  gauss.  Upon  warming, 
the  radical  spectrum  decays  below  detection.  G(radicals/100  eV  dose), 
G(rads),  versus  PMMA  G ( rads) • I . 6**  is  determined  to  be  5.711.2.^ 

DISCUSSION 

Radiation  degradation  is  observed  for  PMCA,  PMCN  and  PfiMA  homopolymers. 
^G(s)-G(x)|  values  from  Table  I,  suggest  that  the  PMCA  and  PMCN  polymers  are 
slightly  more  or  as  sensitive  to  radiation  degradation  as  P.MMA.  A 
[g(s)-G(x)J  value  of  9.h  (versus  PMMA  [c(s)-G(x)]  = 2.3;  G(x)=0)  has  been 
previously  reported.'^  It  was  calculated  from  the  slope  of  M«j"*  versus  dose 
obtained  bv  membrane  osmometry.  Normalizing  this  value  to  the  PMMA 
(g(s)-G(x)]  value  obtained  in  this  work  of  1.9,  we  obtain  [ G(s)-G(x)j  = 

7. 9*0. 8,  which  is  in  fair  agreement  with  [ G(s)=G(x)  ] = 6.710.8  obtained  here. 
Since  no  other  radicals  are  observed  other  than  the  scission  precursor  radical 
In  irradiated  PMC.A,  G(rads)  may  be  taken  to  be  approximately  equal  to  G(s). 
Based  upon  the  results  of  the  three  independent  measurements,  G{s)  is  estab- 
lished to  be  6-8  and  G(x)  about  1-2  for  PMCA.  Further  evidence  for  the  oc- 
currence of  radiation  cross-linkin„  and  the  appreciable  magnitude  of  G(x)  is 
found  in  the  My/Mjj  values  listed  in  Table  I.  In  cases  where  G(x)=0,  the 
My/Mjg  ratio  approaches  2 at  high  doses^*^;  My/.Mjj  for  PMCA  does  not  approach 
2 and  is  still  as  high  as  2.9  at  a dose  of  A8  Mrad  as  compared  to  2.6  for 
the  original  unirradlated  polymer. 

The  triplet  EPR  spectrum  observed  for  irradiated  PMCA  could  be  assigned 
to  either  of  the  radicals  with  structures  -CH2-C(C1)(C02CH2)-  or  -CH2-C(C1) 
(CO2CH5) . The  observed  EPK  splitting  constant  of  22  gauss  is  similar  to  that 
of  19  gauss  observed  for  irradiated  P.'IMA;  the  radical  structure  assigned  to 
that  EPR  triplet  is  -CH2-C(CH3) (CO2CH2)-. * * Considering  this  and  the  fact 
that  the  -CH2-C (Cl ) (COiCH})  would  have  to  result  from  a direct  main-chain 
scission  process  which  is  held  to  be  unfavorable  due  to  the  "cage  effect"  in 
ref.  11  for  PMMA,  ue  assign  the  former  radical  structure  to  the  observed 
triplet  in  irradiated  PMCA. 

The  results  of  Table  II  for  the  anhydrides  are  interesting.  These  an- 
hydride polymers  differ  from  P.MMA  and  poly(methyl  aery  late)  (PM/\)  only  in  the 
ester  anhydride  bridging.  One  might  predict  irradiated  PM/\AN  to  degrade  as 
PMMA  does  and  irradiated  P<\AN  to  cross-link  as  PMA  docs.  Cross-linking  is 
observed  for  PAAN  over  doses  of  2-48  Mrad  as  determined  by  Mlg^  decreases  and 
intrinsic  viscosity  increases  (see  Tables  II  and  III).  Degradation  is  ob- 
served for  PMAAN  over  the  dose  range  of  0-5  Mrad,  but  is  very  constant 
from  about  7-19  Mrad  thus  indicating  that  G(s)iC(x)  over  that  dose  range. 
Strangely,  radiation  degradation  is  also  observed  for  irradiated  PAAN  up  to 
1-1.5  Mrad.  This  degrad.it  ion,  however,  is  probably  not  too  effective  due  to 
a large  increase  in  .M;;/M^  ratio,  which  Is  an  Indication  of  a simultaneous 
cross-linking  process.  The  degree  of  early  degradation  Is,  therefore,  of 
scant  consequence  for  P.V.\N  and  the  polymer  generally  behaves  to  ionizing 
radiation  in  a cross-linking  mode.  Although  degradation  appears  to  be  more 
favorable  In  the  PVuVAN  polymer  as  observed  by  the  MTj*  lncre.ises  and  intrinsic 
viscosity  decic.ises  over  larger  ranges  than  for  PAiVN,  this  polymer  is  also 
rather  insensitive  to  radiation  as  tar  as  molecular  weight  changes  are  con- 
cerned . 
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The  striking  ri11.it  Ion  bt  lnvlor  of  the  tnojel  .inhvdrlJe  pnivraers  leads 
one  to  liouht  scrtouslv  mv  proposed  five  r..dic.il  mech.inism  for  i.i.i  ir.-chd  In 
scission  o', ere  tiie  i n 1 1 l-i  t in.;  event  is  ester  sldt—nronp  cle.ivose  followed  by 
Bolecn'.n  r<  i rr jnpenent  . 1!ie  results  presented  here  t.ivor  .1  free  radical 
nui  ln-ch..i  in  scission  rech.iniiin  whore  the  InitlatlnK  event  is  a C-H  bond  cleav- 
age, either  at  the  ester  methyl  or  ttie  alpha-methyl  groups  Induced  hv  the 
energy  absorptive  Interaction  of  the  Compton  electrons  produced  by  early 
Ionization  events. 
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SLT'IHARY 

KI’R  results  for  irr.idiated  I’MCA  hint  at  a free  radical  mechanisn.  fi.- 
Diain-chain  scission  in  th.it  polymer.  This  mechanism  probably  follows  the 
inleiai  ionizalion  event  where  ester  group  cleavage  apparently  occurs  along 
with  high-energy  Compton  electron  ejection.  It  is  the  Compton  electrons, 
then,  that  produce  the  free  radical  precursor  of  the  main-chain  scission 
events  in  both  PMMA  and  I'MCA.  Lack  of  unambiguous  detection  of  the  radicals 
-CH2-f(CHj)-  and  •COjCH-j-'^  is  in  accord  with  this  proposed  mechanism. 

PMCN  like  P.MCA,  PM'IA,  and  other  polymers  with  monomer  repeat  unit 
-CH2-C(X)Y-(X  and  Y+H)  is  a degrading  polymer.  Larger  increases  in  the 
.'1^J/^^J  ratio  over  the  employed  dose  range  (see  Table  1)  for  this  polymer  than 
for  PM'IA  of  roughly  equivalent  initial  My/M.j,  is  evidence  of  simultaneous 
cross-linking  and  G(x)>0  for  this  polymer  as  found  also  for  PMCA. 
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TABLE  I:  My/Mjj,  and  1 C(s)-G(x)l  values  for  Irradiated  PMCA, 

I'MMA,  and  PMCN.  ^ 


Polymer 

Dose,  Mrad 

m;;*xio5 

Initial 

[C(s)-G(x)] 

I'MCA 

0 

0.80 

2.610.2 

6.710.8 

0.72 

1.4 

3.1 

1.4 

1.8 

3.0 

2.  1 

1.9 

2.6 

49 

4.2 

2.9 

PMMA 

0 

2.9 

l.liO.l 

1.910.3 

0.7 

3.1 

1.1 

1.4 

3.2 

1.1 

9.7 

4.9 

1.2 

87 

18 

1.4 

PMCN 

0 

1.9 

1.0410.05 

2.110.3 

1.4 

2.4 

1.08 

3.3 

2.8 

1.12 

11.8 

4.5 

1.30 

49 

6.2 

1.40 

fc 

i 

I 
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TABLE  II:  M.j  * and  My/Mvj,  and  [g(s)-G(x)]  values  for  Irradiated  PMAAN 

and  P;\Afl  polymers. 


Polymer 

Dose,  Mrad 

Initial 

[G(s)-G(x)| 

PMAAN 

0 

5.9 

1.2t0.1 

0.410.2 

0.96 

9.9 

2.7 

2.5 

9.7 

3.1 

4.9 

8.0 

1.9 

9.9 

7.4 

1.9 

19 

7.4 

1.9 

PAAN 

0 

2.4 

2.6 

0.910.4 

0.96 

8.4 

4.0 

2.3 

3.6 

1.9 

4.7 

3.1 

1.9 

9.5 

1.2 

1.7 

TABLE  III:  Intrinsic  viscosities  for  Irradiated 

samples  measured  In  DMF. 

PMAAN  and  PAAN  polymer 

Polymer 

Dose,  Mrad 

^nj.  dl/gm 

PMAAN 

0 

0.55 

2.5 

0.52 

4.9 

0.49 

9.9 

0.46 

19 

0.50 

49 

0.52 

PAAN 

0 

0.54 

2.3 

0.53 

4.7 

0.58 

9.5 

0.61 

48 

0.73 
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